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Magnetic properties of ferromagnetic materials are often sensitive 
to residual and applied stresses principally through the effect of 
magnetostriction. Each magnetic domain within the material is strained 
along its direction of magnetization. Consequently a change in the 
stress level will result in a modification to the domain configuration 
so as to reduce the elastic and magnetoelastic energy. The gross 
magnetic properties such as coercivity, hysteresis, permeability and 
remanence are intimately related to the microscale of domain sizes and 
orientations, and so measurement of such properties can be used to 
infer the stress state [1-4], Other magnetic techniques used for 
stress measurement include Barkhausen emission (BE) [S-7] , 
magnetoacoustic emission (MAE) [8] and magnetoacoustic response [9]. A 
number of these magnetic techniques are currently being developed for 
stress measurement with a wide range of applications in the energy 
supply, aerospace, materials, fabrication, construction and engineering 
industries. 
In this paper three different magnetic techniques were 
investigated for biaxial stress measurement in a mild steel. This 
enabled: 
(1) comparison of the performance of the three techniques, and 
(2) a study of the ability of the methods to uniquely determine the 
biaxial stress state. 
The latter objective was considered in terms of: 
(a) whether each technique was sensitive only to the difference in 
principal stresses or to the absolute stress levels (i.e. relative 
or absolute), 
(b) determination of principal stress directions, 
(c) determination of stress levels, 
(d) sensitivity and 
(e) accuracy. 
The three techniques studied were BE, MAE and stress-induced magnetic 
anisotropy (SMA). Some workers have already reported biaxial stress 
measurements using BE or SMA [10,11]. 
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EXPERIMENTAL 
The specimen was an annealed 
BS4360-43A mild steel '+' shaped plate 
(fig.1) which could be loaded in two 
orthogonal directions independently 
Loading 
using a double 4-point bending rig. 400 mm 
The two independent strains were 
measured using strain gauges mounted 
under the specimen close to the centre. 
Measurements were taken at each biaxial 
stress state for a complete range of 
loads up to a maximum stress of 200 MPa 
in 40 MPa increments (36 stress 
states). Compressive stresses were 
also thoroughly investigated but 
limited space does not allow them to 
be considered in this report. 
The experimental techniques will 
Fig. 1 Specimen for biaxial 
stress measurements 
(BS4360 43A mild 
steel 6mm plate) 
be reviewed briefly here. For details of the physical basis the reader 
is referred to other work by the authors [12-13]. In each case the 
magnetizing field was produced by a C-core positioned at the centre of 
the specimen operating at 68 Hz (skin depth) for field penetration ~ 
1mm). The BE signal was detected from a pancake coil positioned 
between the pole pieces of the C-core, the MAE from a critically damped 
2.5 MHz piezo-electric transducer positioned under the specimen near 
the strain gauges, and the SMA signal from a coil located between the 
pole pieces with its axis orientated at right angles to the magnetic 
field direction and surface normal. In the case of BE and MAE the 
signal bandwidth used was 35 to 100 kHz whilst SMA is effectively a 
'phase-locked' system. The BE and MAE activity was plotted as a 
function of the magnetic field by producing a rectified and smoothed 
signal envelope whereas the SMA signal consists of a single voltage 
measurement. 
RESULTS 
Uniaxial Stress Measurements 
As an example, the dependence and sensitivity of the techniques to 
uniaxial stress is considered. Figs. 2-4 show results for BE, MAE and 
SMA respectively where the magnetic field was arranged to be parallel 
to the stress direction. The results are typical for these techniques 
showing: 
(1) BE and SMA increase with increasing tensile stress whereas MAE 
decreases, 
(2) the sensitivity falls with increasing stress, 
(3) the MAE consists of two peaks separated by a dip or trough at low 
fields but BE consists of a single peak. 
The BE signal is not, in general, a single peak but often contains two 
distinct peaks, particularly when the stresses are compressive or when 
the measurement direction is at some large angle to the tensile stress 
direction. The MAE profiles, however, were always of the same general 
shape. These profile data were represented by the peak amplitudes (as 
labelled in figs. 2 and 3) for all subsequent results given in this 
paper. 
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Fig. 2 BE activity as a function 
of magnetizing current 
Fig. 3 MAE activity as a function 
of magnetizing current 
for applied uniaxial 
bending stresses in range 
0-200 MPa. 
for applied uniaxial 
bending stress in range 
0-200 MPa. 
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Fig. 4 SMA signal as a function of applied uniaxial bending stress 
level. 
Measurement of Principal Stress Directions 
Measurements were made for a number of different biaxial stress states 
for angles between the measurement direction and principal stress axes 
between 0 and 360° in 22.5° increments. BE, MAE and SMA parameters are 
shown as a function of angle in Fig. 5 for a single stress state in 
each case. From these data it is apparent that all three techniques 
are capable of measuring the principal stress directions. The BE is 
always a maximum along the most tensile axis whilst MAE is maximum 
along the least tensile axis (for tension-tension). SMA, which always 
gives the smoothest angular dependence, has maximum and minimum along 
the angles which bisect the principle axis as these directions result 
in the largest field rotation towards the tensile axis (the axis with 
the highest permeability) . 
When no stresses were applied the anisotropy was very small 
(equivalent to a stress of ~20 MPa) indicating that texture would not 
significantly influence the results for this partaicular experiment. 
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Fig. 5 (a) BE central peak, (b) MAE initial and final peak and central 
level and (c) SMA signal amplitudes as a function of the angle 
between applied field and principal tensile stress directions. 
Biaxial Stress Measurements 
The variation of the magnetic parameters with stresses o~ and 
o can be summarized in the form of contour plots (figs. 6-8J where t~ contour level represents a signal amplitude. The measurement 
direction was always parallel to the x axis for these data. 
The BE central peak amplitude (fig. 6) consist of contours 
arranged almost parallel to o~ =oyy which implies that the technique 
is a relative one depending only upon the difference in the two 
principal stresses. The MAE initial peak amplitude (fig. 7) consists 
of nearly vertical contours thereby indicating that the measurement 
is independent of the orthogonal stress level and is an absolute 
technique. The MAE final peak gave a similar result, but the central 
level was more complex (data not shown). The trend for the SMA results 
was similar to that for BE (fig. 8) again indicating that this is a 
relative technique. 
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Fig. 6 BE central peak amplitude as a function of stresses oxx and oyy. 
Applied field parallel to x axis. (Contours at 1 mV intervals 
from 19 to 29 mV.) 
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The MAE results are surprising and await an adequate explanation. 
The MAE signal itself is known only to originate from 90° domain wall 
movements and therefore this results implies that the volume of 
material 'swept out' by the irreversible motion of these walls at the 
position of the peaks in the MAE activity profile is not influenced by 
the stress level in a direction perpendicular to the applied magnetic 
direction. The MAE occurs at high fields when most of the domains will 
be aligned along the x axis. 
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Fig. 7 MAE initial peak 
amplitude as a 
function of stresses 
axx and oyy. 
Applied fleld parallel 
to x axis. (Contours 
at 1 mV intervals from 
17 to 28 mV). 
Sensitivity and Accuracy 
Stress (oxx)/MPa 
Fig. 8 SMA signal amplitude 
as a function of 
stresses oxx and 
ayy. Applied field 
parallel to x axis. 
(Contours at 125 ~V 
intervals contour 1 = -1 
mV, contour 7 = +1 mV). 
If the three techniques are assumed to be relative or absolute 
(i.e. depending upon the difference in the principal stress levels or 
only upon the stress level in the direction of measurement 
respectively) then the data can be reduced to a single calibration 
curve for each magnetic parameter. Fig. 9 gives examples for the BE 
central peak, MAE initial peak and SMA signal levels where the error 
bars indicate the total scatter in the data. All the techniques become 
less sensitive with either increasing stress difference or stress 
level. The data indicate that accuracy does decrease slightly with 
increasing stress as the scatter bars overlap one another to a greater 
extent. 
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Fig. 9 (a) BE central peak, (b) MAE initial peak and (c) SMA signal 
amplitudes as a functin of defference in principal stresses 
(a,c) or stress parallel to applied magnetic field direction 
(b). 
SUMMARY AND CONCLUSIONS 
All three magnetic techniques appear capable of measuring both the 
stress and principal stress directions for biaxial tension - tension 
stress in BS4360-43A steel. BE (central peak amplitude) and SMA are 
sensitive to the difference in the principal stresses whereas MAE 
(initial and final peaks) appears only sensitive to the stress in the 
applied field direction. However other parameters not considered in 
this report show a different stress dependence. For example the MAE 
central level depended upon both principal stress levels. Some of the 
characteristics of the techniques (in this experiment) are summarized 
in table 1. 
The sensitivity of the techniques to compressive stresses also 
needs consideration. For example, MAE is known to decrease with 
increasing tension or compression and therefore a single parameter 
measurement such as the initial peak amplitude would not be sufficient 
to determine uniquely the stress state. Similarly BE is known not to 
be a relative technique for compression - compression biaxial stresses 
[10, 14]. Therefore at least two measurement parameters would be 
required for a single technique or alternatively two techniques could 
be used if mixed tensile and compressive biaxial stresses are to be 
determined. In practical applications texture and microstructure 
variations also need to be considered. 
Table 1. Summary of technique characteristics 
Accuracy 
Technique Relative or Determination 
Absolute of Principal Principal Stress 
Stress Directions Stress Directions Levels 
BE Relative Yes ±10° ±30 MPa 
MAE Absolute Yes ±15° ±20 MPa 
SMA Relative Yes ±so ±20 MPa 
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